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[57] ABSTRACT

A multiple-frequency-modulation mode-locked laser device
which generates high-speed optical pulse trains and can be
used as a high-speed optical pulse source in the fields of
optical communications and optical measurement 1S pre-
sented, wherein the repetition frequency F,,, and the pulse
width At are able to be controlled independently with only
the laser 1itself.

A drive signal generation means is provided which generates
a frequency-mixed drive signal mixed from at least two
different frequencies f,(=N;f,), £,(=N,f,), . . . , which are
integral multiples of the frequency spacing f,(=c/R) of the
longitudinal modes of either a ring cavity or a Fabry-Perot
cavity. This frequency-mixed drive signal is supplied to an
optical modulation means of the cavity.

11 Claims, 12 Drawing Sheets
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FIG.3

EMBOD IMENT 1 OF THE FREQUENCY=MIXED
SIGNAL GENERATION MEANS 11
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FIG.5
OPERATIONAL THEORY OF THE MULTIPLE-FREQUENCY-MODULATION

MODE-LOCKED LASER DEVICE OF THE PRESENT INVENTION
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FI1G.7
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FIG.12

OPERATIONAL THEORY OF
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MULTIPLE-FREQUENCY-MODULATION
TYPE MODE-LOCKED LASER DEVICE

BACKGROUND OF THE INVENTION

1. Technical Field of Application

- The present invention relates to multiple-frequency

modulation type mode-locked laser devices which generate
high-speed optical pulses, for use as high-speed optical
pulse sources in the fields of optical communications, opti-
cal measurement, or the like. |

2. Related Art

Mode-locked laser devices are able to generate ultrashort
optical pulses (on the order of femtoseconds) and transform-
limited (TL) optical pulses (optical pulses which minimize
the time-bandwidth product) which are suited to long-
distance optical transmissions. In order to take advantage of
these features, research has progressed with an eye towards
applications in the fields of high-capacity long-distance
optical communications or high-speed optical measurement
(see S. Kawanishi et al., “100 Gbit/s, 200 KM OPTICAL
TRANSMISSION EXPERIMENT USING EXTREMELY
LOW JITTER PLC TIMING EXTRACTION AND ALL-
OPTICAL DEMULTIPLEXING BASED ON POLARIZA-
TION INSENSITIVE FOUR-WAVE MIXING”, Electron.
Lett., Vol. 30, No. 10, 1994, pp. 800-801).

FIG. 11 shows an example of the composition of a
mode-locked laser device of the prior art (see R. P. Davey et
at., “HIGH-SPEED MODE-LOCKED, TUNABLE, INTE-
GRATED ERBIUM FIBRE LASER”, Electron, Lett., 1992,
28, pp. 482-484).

According to this diagram, the mode-locked laser device
is composed of a drive signal generation means 10a and a
ring cavity 20. The drive signal generation means 10a
amplifies an oscillator output [1] from an oscillator 111
which oscillates at a set frequency f,, with a voltage ampli-
fication means 12, superimposes a DC voltage V, provided
by a DC voltage source 14 with a DC voltage superimposing
means 13, and outputs the resulting drive signal [2]. The ring
cavity 20 is composed of an optical modulation means 21,
an optical amplification means 22 which amplifies the
modulated optical pulse, an optical isolator 23 which fixes
the direction of propagation of the optical pulse and isolates
the light which has been reflected back, an optical filter 24
which determines the oscillation wavelength within the
width of the gain spectrum of the optical amplification
means 22, a light splitting means 28 which guides the
amplified optical pulse (mode-locked laser output beam [3])
to the outside, an optical delay means 26 which adjusts the
cavity length, and the optical coupling means 27, 27, 27, . .
. which optically couples each of the means in a ting shape.
The optical modulation means 21 modulates either the loss
or phase of the light based on the frequency {,, of the drive
signal [2] received from the drive signal generation means
10a.

As optical modulation means 21, in principle, a modulator
utilizing the electro-optical effects of LiNbO; or the like, a
semiconductor laser amplifier, an electroabsorption optical
modulator, or others may be used.

As optical amplification means 22, in principle, rare
earth-doped fiber amplifiers doped with rare earth elements
such as Er or Nd, or semiconductor laser amplifiers may be
used. For the rare earth-doped fiber amplifiers, regarding the
manner of injection of the pumped light, them are forward
pumping, backward pumping, and bi-directional pumping.
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As optical coupling means 27, optical fiber, channel-form
optical waveguides formed on flat substrates (see Y. Hibino
et al., “SILICA-BASED OPTICAL WAVEGUIDE RING
LASER INTEGRATED WITH SEMICONDUCTOR
LASER AMPLIFIER ON S1 SUBSTRATE", Electron. Lett.,
1992, 28, pp. 1932-1933), or others may be used.

Below, the theory behind mode-locked laser devices of
the prior art will be explained with reference to FIGS. 11 and
12. In these diagrams, [1] is an oscillator output, [2] is a
drive signal, [3] is a optical modulator characteristic, [4] is
an optical modulation waveform, [5] is a mode-locked laser
output waveform, and [6] is a spectrum.

When a Mach-Zehnder optical intensity modulator 1s used
as the optical modulation means 21, in general, the trans-
mission intensity characteristics of the optical modulator can
be described as follows:

(1)

V-V,
_ 2| . _

Here, V, 1s the half-wave voltage, V 1s the drive signal
voltage, and V, is a constant.

The oscillator output [1] of the frequency f, is amplified
by the voltage amplification means 12 so that the peak-to-
peak voltage V,_ 1s below V, (within the voltage range of
the maximum-minimum values of the optical modulator
characteristic [3]), and the DC bias voltage V, is superim-
posed on it by the DC voltage superimposing means 13,
resulting in the drive signal [2]. This drive signal [2] can be
described as follows:

V (2)
“’;'. SIN(2Mfnt) + Vi

If the oscillator output [1] has a sufficiently large ampli-
tude, then the voltage amplification means 12 is unneces-
sary. Additionally, if the DC bias voltage V, of the optical
modulator [3] is sufficiently close to zero, then the DC
voltage superimposing means 13 and the DC voltage source
14 are unnecessary. By activating the optical modulation
means 21 with this drive signal [2], the optical modulation
waveform [4] becomes as follows:

V=

(3)

ﬁ . Vzp SIN(27fint) — %*- ]
Hereinafter, the frequency f,, of the drive signal [2] which
drives the optical modulation means 21 will be referred to as
the drive frequency. |

The optical path length R of the ting cavity, taking L as the
physical length and n as the index of refraction of each
element in the ring cavity, can be described as the sum of the
products of all of the respective physical lengths L. and
indices of refraction n; (the respective optical path lengths),
as follows:

I = Iycos? [

R = anL: (4)

In this ring cavity, multiple longitudinal modes exist with a
frequency spacing of f,. (=¢/R wherein c 1s the speed of
light). When the frequency spacing f, is equal to {,,, that is:

=i ®
then as shown in FIG. 12 [6], the phases of all of the
longitudinal modes at a frequency spacing of f, match,
resulting in a mode-locked oscillation state, and as shown in
[5], an optical pulse train of repetition frequency F, =f,, is
obtainable.

On the other hand, if {_#f, then an optical delay means
26 is provided within the ring cavity as shown in FIG. 11,
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and thus the optical path length R of the ring cavity is
adjusted. The center of this spectral envelope becomes the
central wavelength (frequency v,).

Additionally, the optical pulse which minimizes the prod-
uct of the pulse width At and the oscillation spectrum width
ov determined by the envelope of the multiple longitudinal
mode spectrum (time-bandwidth product) is called the trans-
form limited (TL) pulse.

Furthermore, if the drive frequency f, is an integral
multiple of the frequency spacing f,, then as a condition of
harmonic mode-locking, the following must be true:

L

fa=N-fi=N-Z (6)

and an optical pulse train of repetition frequency F,, =f, =
N-f, 1s obtainable. In this case, N is a natural number.
Theretfore, with mode-locked laser devices of the prior art,
the repetition frequency f,_, and the drive frequency f,, of
the output beam are equal.

The pulse width At of this mode-locked laser output beam
[3], according to mode-locking theory, may be described as
follows (see A. E. Siegman, “LASERS”, University Science

Books, p. 1064):

1/4

m_—:0.45'[717'] [fmifa ]

In this case, v 1 the gain coefficient of the optical amplifi-
cation means 22, Am is the peak-to-peak amplitude modu-
lation of the optical modulation means 21, and Af, is the
bandwidth of the optical amplification means 22. From this,
1t 1s known that the pulse width At of the mode-locked laser
output beam [5] is proportional to 1/(f, Af )'/?. Therefore, in
order to decrease (or increase) the pulse width At, the drive
frequency f,,, of the optical modulation means 21 should be
made higher (or lower). That is, the gate width of the optical
modulation means 21 should be made narrower (or wider).

The gate width of the optical modulation means 21
mentioned here corresponds to the repeated full-width at
half-maximum of the optical modulation waveform [4].

Therefore, with mode-locked laser devices of the prior art,
the pulse width At depends on the repetition frequency F,.,
(=dnive frequency f,,). The relationship between the pulse
width At and the repetition frequency F,,, which is deter-
mined by Equation (7) is shown in FIG. 13.

Furthermore, since the pulse width At also depends on the
bandwidth Af, determined by the optical filter 24, the
relationship between each bandwidth is also shown.

Generally, for optical soliton transmission, an optical
pulse with a specified pulse width is required for a given
repetition frequency, for example, taking At=10 ps for F,,,
=10 GHz.

Furthermore, for optical measurement techniques such as
optical sampling, an ultrashort pulse (on the order of a few
ps or less) is required for a low repetition frequency (on the
order of tens of KHz) (see Yamabayashi et at., “OPTICAL
SAMPLING USING A LiNbO, WAVEGUIDE AND
ULTRASHORT OPTICAL PULSES”, Abstracts of Spring
1988 National Convention of the. Electronic Data Commu-
nications Society, B-671).

In the past, when the repetition frequency F,,, was fixed
in this way, the pulse width At was controlled by changing
Af, in Equation (7), principally by adjusting the bandwidth
of the optical filter 24 placed within the cavity. As shown by
the points A, B, C, and D in FIG. 13, for a set repetition
frequency F,,, (in this case, 1.58 GHz), by increasing (or
decreasing) the bandwidth Af , it is possible to decrease (or
increase) the pulse width At.
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The bandwidth Af, of the optical amplification means 22
1 restricted to the atomic linewidth Af, . of the optical
amphfication medium. Therefore, with the pulse width con-
trol method of the prior art which used an optical filter 24,
it was not possible to generate an optical pulse shorter than
the pulse width (the shaded region in FIG. 13) without a
filter (Af =650 GHz).

In contrast, there 1s a method wherein electric signals,
having narrow pulse widths and being generated by a pulse
generator or the like, are supplied to an optical modulation
means 21 where their drive frequencies f,, are made equally
high, and thereby the pulse width At is made smaller for a
set bandwidth Af . However, when generating electric sig-
nals with such narrow pulse widths, the jitter at the signal
source such as a signal generator becomes large, and as a
result, there is the drawback that the jitter in the mode-
locked laser output beam becomes large as well.

Furthermore, for a given repetition frequency F,,_,, in
order to obtain a TL optical pulse having a pulse width even
smaller than the theoretical limit in this case, there is a
method wherein adiabatic soliton compression is used on the
optical pulse (see K. Suzuki et al., Tech. Digest OAA ’93,
TuD2, p. 314). However, with this method, since an adia-
batic soliton compressor is required outside of the laser
cavity, 1ts composition is complicated.

Additionally, besides the reference material given above,
there are the following papers:

(1) H. Takara et at., “GENERATION OF HIGHLY STABLE
20 GHz TRANSFORM-LIMITED OPTICAL PULES
FROM ACTIVELY MODE-LOCKED Er*-DOPED
FIBRE LASERS WITH AN ALL-POLARISATION
MAINTAINING RING CAVITY”, Electronics Letters,
22nd Oct. 1992, Vol. 28, No. 22, pp. 2095-2096.

(2) H. Takara et al,, “20 GHz TRANSFORM-LIMITED
OPTICAL PULSE GENERATION AND BIT-ERROR-
FREE OPERATION USING A TUNABLE, ACTIVELY
MODE-LOCKED Er-DOPED FIBRE RING LASER”,
Electronics Letter, 24th Jun. 1993, Vol. 29, No. 13, pp.
1149-1150.

(3) Japanese Patent First Publication No. 2-310982, laid
open Dec. 26, 1990, “MODE-LOCKED FIBER LASER
DEVICE”, A. Takada, K. Hagimoto.

(4) Japanese Patent First Publication No. 3-229478, laid
open Oct. 11, 1991, “MODE-LOCKED LASER
DEVICE”, A. Takada, Y. Yamabayashi.

(5) Japanese Patent First Publication No. 5-75194, laid open
Mar. 26, 1993, “WAVELENGTH MULTIPLEXED
MODE-LOCKED LASER DEVICE”, M. Saruwatari, S.
Kawanishi, H. Takara.

(6) Japanese Patent First Publication No. 6-85366, laid open
Mar. 25, 1994, “HARMONIC MODE-LOCKED LASER
DEVICE”, G. T. Harvey, L. E Mollneur.

SUMMARY OF THE INVENTION

The present invention has as its objective the presentation
of a multiple-frequency-modulation type mode-locked laser
device which focuses on these problems of the prior art, and
1s able to independently change the repetition frequency K.,
and the pulse width At with only the mode-locked laser
device.

The present invention, being provided with a drive signal
generation means for generating a frequency-mixed drive
signal mixed from two or more different frequencies f,(=
N,1,), ;(=N,f,), . . ., which are integral multiples of the
frequency spacing f, of the longitudinal modes of either a
ring cavity or a Fabry-Perot cavity, offers a device which
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supplies this frequency-mixed drive signal to an optical
modulation means of the cavity.

~ With the multiple-frequency-modulation type mode-
locked laser device of the present invention, by driving the
optical modulation means with a frequency-mixed drive
signal mixed from multiple frequencies, a narrow gate width
i1s formed by the high-frequency components, and a corre-
sponding short optical pulse of pulse width At 1s obtainable.
Also, because the light propagating within the cavity repeat-
edly receives this modulation, the repetition frequency F,,,
becomes the repetition frequency of the envelope of the
frequency-mixed drive signal (the greatest common divisor
of the drive frequencies).

That is, by driving the optical modulation means with a
frequency-mixed drive signal, it is possible to independently
control the pulse width At and the repetition frequency F,,,..
Additionally, only the generation of a frequency-mixed
drive signal is required, so it is possible to apply using only
the device itsell.

Therefore, with the multiple-frequency-modulation type
-mode-locked laser device of the present invention, by driv-
ing the optical modulation means with a frequency-mixed
drive signal mixed from multiple frequencies, 1t is possible
to independently control the pulse width At and the repeti-
tion frequency F, . Accordingly, for some fixed repetition
frequency F,,, 1t is possible to generate a TL. optical puise
with a narrower pulse width At than the prior art.

Furthermore, the composition to generate a frequency-
mixed drive signal may be realized with only the device
itself. In addition, if an oscillator with low jitter character-
istics is used, the generation of an optical pulse train with
extremely low jitter in comparison to that of the prior art
method wherein the optical modulator 1s driven with a pulse
- generator or the like 18 possible.

BRIEF EXPLANATION OF THE DRAWINGS
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FIG. 1 is a block diagram showing the composition of

Embodiment 1 of the present invention.

FIG. 2 is a block diagram showing the composition of
Embodiment 2 of the present invention.

FIG. 3 is a block diagram showing the composition of

Embodiment 1 of the frequency-mixed signal generation
means 11 shown in FIGS. 1 and 2.

FIG. 4 is a diagram showing the relationship between the
pulse width At and the repetition frequency F,,, of the
present mvention.

FIG. § is a diagram explaining the operating principle of
the device of the present invention.

FIG. 6A is a block diagram showing the composition of

Embodiment 2 of the frequency-mixed signal generation
means 11 shown in FIGS. 1 and 2.

FIG. 6B is a diagram showing the time variation in the
optical intensity of the optical modulation waveform in the

case in which the frequency-mixed signal generation means
11 shown in FIG. 6A 1is used.

FIG. 7 is a block diagram showing the composition of
Embodiment 3 of the frequency-mixed signal generation
means 11 shown in FIGS. 1 and 2.

FIG. 8 is a block diagram showing the composition of
Embodiment 4 of the frequency-mixed signal generation
means 11 shown in FIGS. 1 and 2.

FIG. 9 is a block diagram showing the composition of
Embodiment 5 of the frequency-mixed signal generation
means 11 shown in FIGS. 1 and 2.
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FIG. 10 is a block diagram showing the composition of
Embodiment 6 of the frequency-mixed signal generation
means 11 shown in FIGS. 1 and 2.

FIG. 11 1s a block diagram showing an example of the
composition of a mode-locked laser device of the prior art.

FIG. 12 is a diagram explaining the operating principle of
the mode-locked laser device of the prior art.

FIG. 13 1s a diagram showing the relationship between the
pulse width At and the repetition frequency F,,, of the prior
art device.

FIG. 14 is a drawing comparing the electronic/optical
waveforms of the prior art device and the device of the

present invention with an optical pulse repetition frequency
of 1.58 GHz.

rep

EMBODIMENTS OF THE INVENTION

Below, the embodiments of the present invention will be
explained with reference to the drawings.

FIG. 1 shows the composition of Embodiment 1 of the
multiple-frequency-modulation type mode-locked laser
device of the present mvention.

In this diagram, the multiple-frequency-modulation type
mode-locked laser device of the present invention is com-
posed of a drive signal generation means 100 and a ring
cavity 20. The drive signal generation means 105, in contrast
to the oscillator 111 of the prior art drive signal generation
means 10a shown in FIG. 11, has a frequency-mixed signal
generation means 11 which outputs a frequency-mixed sig-
nal [1]. The voltage amplification means 12, the DC voltage
superimposing means 13 and the DC voltage source are
identical to those in FIG. 11. The ring cavity 20 is similarly
composed of an optical modulation means 21, an optical
amplification means 22, an optical isolator 23, an optical
filter 24, a light splitting means 25, an optical delay means
26 and an optical coupling means 27.

FIG. 2 shows the composition of Embodiment 2 of the
multiple-frequency-modulation type mode-locked laser
device of the present invention.

In this diagram, the multiple-frequency-modulation type
mode-locked laser device of the present invention 1s com-
posed of a drive signal generation means 106 and a Fabry-
Perot cavity 30. The drive signal generation means 105 is
identical in composition to that of Embodiment 1. The
Fabry-Perot cavity 30 is composed of an optical modulation
means 21, an optical amplification means 22 and an optical
filter 24 placed between two optical mirrors 31 and 32. Aside
from the fact that the resonator composition is of the
Fabry-Perot type, the present embodiment has the same
composition as Embodiment 1 which uses a ring cavity.

FIG. 3 shows the composition of Embodiment 1 of the
frequency-mixed signal generation means 11 used in the
present device. In the diagram, 111-1 and 111-2 are first and
second oscillators, and 112 1s a mixer, Additionally, between
the second oscillator 111-2 and the mixer 112, a phase shifter
113 is inserted as needed.

Below, the operating principle of the present embodiment
will be explained with reference to FIGS. 1-3 and 5.

The first oscillator 111-1 and the second oscillator 111-2
each oscillate at different frequencies f,,, and f, , ([1]-1 and
[1]-2). In this case, the frequencies f , and f, , are set equal
to integral multiples of the frequency spacing f. between the
longitudinal modes of the cavity, by adjusting the frequen-
cies of each oscillator, or in a ring cavity 20, by adjusting the
optical path length R using an optical delay means 26, or 1n
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a Fabry-Perot cavity 30, by moving the optical mirrors 31

and 32. That is, the following is set:

fm1 = Nify = N1 - ©)

fm2=NZﬁ'=NZ% )
In this case, N, and N, are natural numbers, wherein N; <N.,.

When both oscillators are stably oscillating, the oscilla-
tion signals between the oscillators are in synchronization,
and the time phase differences in the oscillator outputs [1]-1
and [1]-2 are constant. The miuxer 112 then mixes the
oscillator outputs and generates a frequency-mixed signal
[1]. In this case, if multiple maxima of the frequency-mixed
signal [1] are formed within the repeated cycle of the
envelope, by inserting a phase shifter 113 and adjusting the
phase difference © between the oscillator outputs [1]-1 and
[1]-2, it is possible to merge the maxima into a single peak.

The frequency-mixed signal [1] having frequencies N,f,
and N,1  is amplified by the voltage amplification means 12
so that the peak-to-peak voltage V,_, becomes less than or
equal to V, (within the voltage range of the minimum and
maximum values of the optical modulator charactenistic [3]),
and after the DC bias voltage V,, is superimposed by the DC
voltage superimposing means 13, becomes the frequency-
mixed drive signal [2]. This frequency-mixed drive signal
[2] can be described as follows:

V=V, sin(2nN 114 V,sin(2uNLf14+8) +V, . . . (10)
In this case, V, and V,, are the amplitudes of the components
of frequencies N,f, and N,f, respectively.

If the frequency-mixed signal [1] has a sufficiently large
amplitude, then it 1s possible to omit the voltage amplifica-
tion means 12.

Furthermore, if V, is sufficiently close to zero for the
optical modulator characteristic, then it 1s possible to omit
the DC voltage superimposing means 13 and the DC voltage
source 14.

By driving the optical modulation means 21 with this
frequency-mixed drive signal [2], the optical modulation
waveform [4] becomes as follows:

(11)

7L
4Vp

The optical modulation waveform [4] is a wavelform
wherein the waveform of the drive frequency N,i, is inten-
sity modulated by the dnve frequency N,{ .. Therefore, a
narrow gate width 1s formed by the high frequency compo-
nent N,f,, and a short optical pulse with a pulse width At
corresponding to the drive frequency f,=N,f. of Equation
(7) 1s obtainable. The light propagating within the cavity is
repeatedly modulated in this way, and the optical pulses of
the maxima in the optical modulation waveform [4] (points
A and A' in FIG. 5 [4]) are selectively reinforced, so the
repetition frequency F,, approaches the repetition fre-
quency of the envelope of the frequency-mixed drive signal
[2]. This repetition frequency of the envelope is the largest
common denominator of the drive frequency N, f, and the
drive frequency N,f..

The present invention, by applying a frequency-mixed
drive signal [2] to the optical modulation means 21 in this
way, it 1s possible to independently control the pulse width
At and the repetition frequency F,_,. For example, if f,,,,=2f,
and {,,=8f., an optical pulse having a pulse width At
corresponding to a drive frequency 8f, is obtained, and the
repetition frequency F,,, becomes 2f..

Additionally, 1if f_,=3f, and f_,=7f., an optical pulse
having a pulse width At corresponding to a drive frequency
71, 1s obtained, and the repetition frequency F,,, becomes f,.

I = Iycos? [ {VisinQrNLf) + Vasin(2niafit + 6)} — - ]
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FIG. 4 shows the relationship between the pulse width At
and the repetition frequency F,,, when using the frequency-
mixed signal generation means 11 of Embodiment 1.

In this case, the oscillation frequency N,f, of the first
oscillator 111-1 is varied (1-12.6 GHz) while the oscillation
frequency N,f, of the second oscillator 111-2 is held con-
stant (12.6 GHz). The solid line represents the theoretical
values for the method of the present invention according to
Equation (7), wherein f_=12.6 GHz in Equation (7). The
dotted line represents the theoretical values for the prior art
method according to Equation (7), wherein {, =F, , in Equa-
tion (7). The plots are measured values obtained by experi-
ments. As can be seen, the measured values substantially
agree with the theoretical values. With the mode-locked
laser device of the prior art, changes in the repetition
frequency F,_, also cause the pulse width At to change. In
contrast, with the present invention, even if the repetition
frequency F,,, is changed by the oscillation frequency N;f,
of the first oscillator 111-1, the pulse width At stays fixed at
a low value determined by the oscillation frequency N,t, of
the second oscillator 111-2.

Additionally, FIG. 14 shows an example of a plot wave-
form.
Furthermore, the time-bandwidth product of the output
beam according to the present invention was measured at
0.31--0.35, and it was confirmed that a TL optical pulse
having an approximate sech” shape was being generated. In
this way, since the device of the present invention is able to
independently control the pulse width At and the repetition
frequency F,.,, even with the same repetition frequency F,, ,
it 1s possible to generate a 'TL optical pulse having a pulse
width At shorter than those of the prior art with only the laser
itself.

Furthermore, with the composition of the device of the
present invention, the composing elements of the frequency-
mixed signal generation means 11 other than the oscillator
do not contribute to jitter.

Furthermore, for the oscillator of the frequency-mixed
signal generation means 11, it is possible to use an oscillator
which produces normal waveforms such as sine waves, so it
is possible to easily practicalize an oscillator in which the
jitter 1s small. Thus, by using this type of oscillator having
low jitter characteristics, it 1s possible to generate an optical
pulse train with low jitter in comparison with the prior art
method wherein the optical modulator is driven by a pulse
generator or the like.

Additionally, although the above explanation was for the
ixing of two frequencies, it 1s also possible to mix three or
more frequencies.

FIG. 6A shows the composition of Embodiment 2 of the
frequency-mixed signal generation means 11, for the case in
which four or more frequency components are mixed. In this
diagram, 111-1 through 111-4 are the first through fourth
oscillators, wherein each oscillator 1s stably oscillating, and
the oscillators are in synchronization. 112-1 through 112-n
are mixers.

The phase shifters 113-1 through 113-3 for adjusting the
phase of the oscillator outputs are inserted as is necessary.

With this type of composition, as the number of frequency
components increases, the optical modulation waveform
approaches the form of a delta function, as shown in FIG.
6B. Therefore, the suppressing effect of the undesirable
maxima (for example, B and B') which are not at points A
or A' increases, and the stability improves. The repetition
frequency F, , in this case becomes the largest common
denominator of all of the frequency components, and the
pulse width At becomes equal to the value obtained by
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substituting f,, in Equation (7) with the highest frequency
component.

FIG. 7 shows Embodiment 3 of the frequency-mixed
signal generation means 11 used in the device according to
the present invention. In this diagram, the frequency-mixed
signal generation means 11 is composed of an oscillator 111
which oscillates at frequency f,, (=N,f,), and a frequency
multiplier 114 which multiplies the oscillator output [1]-1 by
M (M is an integer22). The frequency multiplier 114
outputs not only the multiplied frequency component
MN,f,, but also the original frequency component N, f,.
Therefore, it is able to output a frequency-mixed signal [1]
mixing two frequencies.

FIG. 8 shows the composition of Embodiment 4 of the
frequency-mixed signal generation means 11 used in the
device according to the present invention. In this diagram,
the frequency-mixed signal generation means 11 is com-
posed of an oscillator 111 which oscillates at the frequency
f (=MN,f,), and a frequency divider 115 which divides the
oscillator output [1]-1 by M (M is an integer=2). The
frequency divider 115 outputs not only the divided fre-
quency component N,f,, but also the onginal frequency
component MN,f,. Therefore, it is able to output a fre-
quency-mixed signal [1] mixing two frequencies.

When the frequency-mixed signal generation means 11 1s
composed using a frequency multiplier or a frequency

divider in this way, the composition becomes simple, and it

is easy to miniaturize the device.

With the frequency-mixed signal generation means 11
using a frequency multiplier 114 or a {frequency divider 115,
it is difficult to have a composition in which it is possible to
adjust the phase difference between both frequency compo-
nents included in the frequency-mixed signal [1]. Thus, with
the compositions shown in FIGS. 7 and 8, it is desirable to
pre-set the phase characteristics of the frequency multiplier
114 or the frequency divider 115 such that the maximum
points of the frequency-mixed signal [1] unite within the
repetition cycle of the envelope.

FIG. 9 shows the composition of Embodiment 5 of the
frequency-mixed signal generation means 11 used in the
device according to the present invention. The present
embodiment corresponds to a composition in which the
mixer 112 of Embodiment 1 and the frequency multiplier
- 114 of Embodiment 3 are combined. That 1s, the first
oscillator 111-1 and the second oscillator 111-2 oscillate at
the different frequencies N,f, and N,f,, the frequency mul-
tiplier 114 multiplies the oscillator output [1]-1 of the first
oscillator 111-1 by M, and the mixer 112 outputs a fre-
quency-mixed signal [1] having the three components N, {,,
- MN,f,, and N,f,. In this case, N, is greater than or equal to
2, and is an integer other than N; or MN,. Additionally, a
phase shifter 113 can be added as 1s necessary.

FIG. 10 shows the composition of Embodiment 6 of the
frequency-mixed signal generation means 11 used in the
device according to the present invention. The present
embodiment corresponds to a composition in which the
mixer 112 of Embodiment 1 and the frequency divider 115
of Embodiment 4 are combined. That is, the fast oscillator
111-1 and the second oscillator 111-2 oscillate at the differ-
ent frequencies MN,f, and N,f,, the frequency divider 115
divides the oscillator output [1]-1 of the fast oscillator 111-1
by M, and the mixer 112 outputs a frequency-mixed signal

[1] having the three components N,f,, MN, I, and N,f,. In

this case, N, is greater than or equal to 2, and is an integer
other than N, or MN,. Additionally, a phase shifter 113 can
be added as is necessary.

Additionally, with the compositions of Embodiment 5 and
Embodiment 6, the repetition frequency F,,, is the largest
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common denominator of all of the frequency components,
and the pulse width At becomes equal to the value obtained
by substituting f,. in equation (7) with the highest frequency
component.

Furthermore, it is also possible to have a composition
wherein the mixer 112, the frequency multiplier 114 and the
frequency divider 115 are simultaneously combined.

In the above-given explanation of the embodiments of the
present invention, as the optical modulation means 21
shown in FIGS. 1 and 2, an example in which a Mach-
Zehnder optical intensity modulator is used was discussed in
detail, but the optical modulation means 21 used in the
mode-locked laser device need not be limited to means
which perform this type of optical intensity modulation, and
it is also possible to use means which perform optical phase
modulation. In such a case, mode synchronization 1is
achieved by optical phase modulation, but the frequency-
mixed signal [1] driving the optical modulation means 21
can be identical to that used for the optical intensity modu-
lation means.

We claim:

1. A multiple-frequency-modulation type mode-locked
laser device comprising:

an optical cavity, which includes

an optical modulation means for receiving an optical
pulse and a driving signal, modulating said optical
pulse in response to said driving signal, and output-
ting a modulated optical pulse;

an optical amplification means for amplifying said
modulated optical pulse;

an optical splitting means for outputting a split optical
pulse from said optical cavity; and

an optical coupling means for optically coupling said
optical modulation means, said optical amplification
means, and said optical splitting means to form said
optical cavity, in order; and

a driving signal generation means for generating said
driving signal as a frequency-mixed driving signal
mixed from at least two different frequencies which
are integral multiples of a frequency spacing 1, of a
longitudinal mode of said optical cavity, wherein
f =c/R, c is the velocity of light, and R 1is an optical
path length of said optical cavity.

2. A multiple-frequency-modulation type mode-locked
laser device according to claim 1, wherein said optical cavity
is a ring cavity type and said optical coupling means
optically couples said optical modulation means, said optical
amplification means, and said optical splitting means into a
ring shape to form a ring cavity.

3. A multiple-frequency-modulation type mode-locked
laser device according to claim 2, wherein an optical delay

‘means is provided within said ring cavity for adjusting the

optical path length R of the ring cavity.

4. A multiple-frequency-modulation type mode-locked
laser device according to claim 1, wherein said optical cavity
is a Fabry-Perot cavity type, and said optical cavity, which
further includes two optical reflection means which reflect
an incident optical pulse,

wherein said optical coupling means couples said optical
reflection means at ends of a series configuration, and
optically couples said optical modulation means and
said optical amplification means between said two
optical reflection means to form a Fabry-Perot type
cavity, and

wherein said optical splitting means consists of one of
said two reflection means to output a part of an incident
pulse from said Fabry-Perot type cavity.
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5. A multiple-frequency-modulation type mode-locked
laser device according to claim 1, wherein said driving
signal generation means includes

at least two oscillators which oscillate at mutually differ-
ent frequencies, and

a mixer for generating said frequency-mixed driving
signal by mixing outputs of said oscillators.
6. A multiple-frequency-modulation type mode-locked
laser device according to claim 1, wherein said driving
signal generation means includes

an oscillator which oscillates at a fixed frequency, and

a frequency multiplier for multiplying the frequency of an
output of said oscillator by an integer greater than or
equal to 2.

7. A multiple-frequency-modulation type mode-locked

laser device according to claim 1, wherein said dnving
signal generation means includes

an oscillator which oscillates at a fixed frequency, and

a frequency divider for dividing the frequency of an
output of said oscillator by an integer greater than or
equal to 2.

8. An multiple-frequency-modulation type mode-locked

laser device according to claim 1, wherein said driving
signal generation means includes

at least two oscillators which oscillate at mutually differ-
ent frequencies,

a frequency multiplier for multiplying a frequency of an
output of at least one of said oscillators by an integer
greater than or equal to 2, and

12

a mixer for generating a frequency-mixed driving signal
mixed from the outputs of said oscillators and the
outputs of said frequency multipher.

9. A multiple-frequency modulation type mode-locked

laser device according to claim 1, wherein said driving
signal generation means includes

at least two oscillators which oscillate at mutually diiier-
ent frequencies,

a frequency divider for dividing a frequency of an output
of at least one of said oscillators by an integer greater

than or equal to 2, and

a mixer for generating a frequency-mixed driving signal
mixed from the outputs of said oscillators and outputs
of said frequency divider.

10. A multiple-frequency-modulation type mode-locked

laser device according to claim 1, wherein

an optical filter 1s provided within said optical cavity for
adjusting an oscillation wavelength of the optical cavity
so that an oscillation wavelength falls within a gain
spectrum width of said optical modulation means.

11. A multiple-frequency-modulation type mode-locked
laser device according to claim 1, wherein said driving
signal generation means i1s further provided with a phase
adjustment means for adjusting a phase difference between
at least two different frequencies mixed in said frequency-
mixed driving signal.
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